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Close packed transitions in slit-shaped pores: Density functional theory
study of methane adsorption capacity in carbon
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An important feature of improving lattice gas models and classical isotherms is the incorporation of
a pore size dependent capacity, which has hitherto been overlooked. In this paper, we develop a
model for predicting the temperature dependent variation in capacity with pore size. The model is
based on the analysis of a lattice gas model using a density functional theory approach at the close
packed limit. Fluid–fluid and solid–fluid interactions are modeled by the Lennard-Jones 12–6
potential and Steele’s 10–4–3, potential respectively. The capacity of methane in a slit-shaped
carbon pore is calculated from the characteristic parameters of the unit cell, which are extracted by
minimizing the grand potential of the unit cell. The capacities predicted by the proposed model are
in good agreement with those obtained from grand canonical Monte Carlo simulation, for pores that
can accommodate up to three adsorbed layers. Single particle and pair distributions exhibit
characteristic features that correspond to the sequence of buckling and rhombic transitions that
occur as the slit pore width is increased. The model provides a useful tool to model continuous
variation in the microstructure of an adsorbed phase, namely buckling and rhombic transitions, with
increasing pore width. © 2002 American Institute of Physics. @DOI: 10.1063/1.1522402#
I. INTRODUCTION
Adsorption phenomena play a key role in separation,
purification and many catalytic processes in industry. The
study of adsorption kinetics and equilibria has thus become
vital to the design and optimization of such processes. Much
effort has been devoted to the development of empirical and
theoretical adsorption isotherms aimed at a better under-
standing of adsorption kinetics and equilibria. However, to
date no existing isotherm models are able to describe experi-
mental data over a wide range of pressure. This is due to the
inherent complication of adsorption processes in a confined
geometry. Unlike homogeneous bulk phases where mol-
ecules are isotropically packed and the packing configuration
is independent of the geometry and volume of the container,
an adsorbed phase in confined geometry is not only inhomo-
geneous, but also its packing configuration is dependent
upon pore geometry, volume and solid–fluid interaction.
This results in unique physical phenomena of an adsorbed
phase in pores such as packing transitions and pore size de-
pendent capacity, a reduction in critical temperature as well
hysteresis, which are not observed in bulk phases.
Existing isotherm models are based on different ap-
proaches that have a kinetic, thermodynamic or statistical
mechanical staring point. Most of the existing isotherm mod-
els contain one or more parameters that are related directly or
indirectly to the capacity of the adsorbate in a pore. The
capacity is defined as the density at the close packed limit
which, in existing models, is considered to be a function only
of temperature through the thermal expansion of the ad-
sorbed fluid. This seems reasonable for an adsorbed fluid in
large pores such as macropores or mesopores where capacity
is independent of the pore volume. However, this is not the
case for micropores whose pore widths are only a few adsor-
bate molecular diameters. Here the close packed configura-
tion of the adsorbed phase can vary with pore width, passing
sequentially through hexagonal and square geometries, in a
similar manner to that observed experimentally when colloid
suspensions are confined between parallel glass plates1–4
with an increasing separation distance. In particular, this se-
quence of crystalline structure is summarized as follows:
Fluid→1n→2h→2n→3h→3n . . . .
The symbols nn and nh denote n crystal layers in a hex-
agonal configuration and square configuration, respectively.
A detailed study of this sequence plays an important role in
understanding high-pressure phase transitions in confine-
ment.
Recently, Donnelly et al.5 provided the first direct evi-
dence of a hexagonal configuration with liquid xenon near
aluminum crystal facets by high-resolution transmission
electron microscopy ~TEM!. TEM was used to measure alu-
minum samples containing liquid xenon inclusions within
faceted aluminum cavities. Simultaneously, Johnson6 also
showed the hexagonal configuration of a solidified lead in-
clusion in an aluminum matrix. In earlier work, Schmidt and
Lo¨wen7 confirmed the dependence of closed packing density
on plate separation distance, by means of theoretical studies
and computer simulations of frozen hard sphere fluids be-
tween two parallel plates. Several studies also show pore size
dependent density at high pressure due to packing transitions
in all geometries.8–10 The transitions occurring continuously
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with increasing pore width allow the rearrangement of ad-
sorbed molecules in pores in order to attain a minimum free
energy configuration.8 Although much theoretical work has
been done on high pressure layering transitions in confined
geometry, the studies have invariably involved only hard
sphere systems such as colloidal particle systems where the
capacity can be calculated purely from the geometry of the
particles.7,11 Little theoretical study of high pressure layering
transitions of soft sphere systems has been attempted due to
their complexity.12
In the present work we introduce a new model, based on
the density functional theory ~DFT! approach, for predicting
the capacity of methane adsorbed in a carbon slit-shaped
pore. A theoretical study of the microstructure of the ad-
sorbed phase at the close packed limit is also undertaken.
The theory is completely predictive when methane is mod-
eled as Lennard-Jones ~LJ! fluid. By optimizing the grand
canonical potential per unit cell the model predicts a sequen-
tial variation in the packing configuration of the adsorbed
phase, from hexagonal to square, as seen in the experimental
data. A key advantage of the present approach as compared
to existing density functional theories applied to
adsorption13–18 is that it does not rely on an arbitrary pre-
scription of weighting functions to approximate the effects of
inhomogeneity on the free energy. Nor does it require split-
ting of the potential and a recipe for an associated hard
sphere diameter, approximations for which have been rigor-
ously derived only for the bulk phase, but are routinely used
in DFT. Instead, by exploiting the packing structure of the
adsorbate at high densities potentially exact results are ob-
tained for the capacity in slit-shaped pores.
In the next section, we outline the theory and show how
it is applied at close-packed limits in two or three dimen-
sions. We derive specific expressions that predict the packing
transitions and the associated structures that occur as the
pore width is increased. In Sec. III we give a brief summary
of the GCMC technique used in the computer simulations. In
Sec. IV we compare the results from the new theory with
simulation data and demonstrate that it is capable of accu-
rately predicting the structure and packing densities in filled
pores. A summary and conclusions are given in Sec. V.
II. MATHEMATICAL MODEL OF AN ADSORBED
LJ FLUID IN A CARBON SLIT-PORE AT THE
CLOSE PACKED LIMIT
A. General density functional theory approach
Density functional theory is a powerful tool to study
adsorption equilibrium in a constrained space such as in
pores. The general DFT is well established and a large num-
ber of applications and prescriptions are now available in the
literature.15–21 Therefore, we provide only a brief description
of this theory here, and refer the reader to the lucid review by
Evans22 for a more complete description.
The grand potential V@r# of a single-particle-system
having local density at a position r r(r) in the presence of an
external potential vex(r), is given22 by
V@r#5F@r#1E r~r!@vex~r!2m#dr. ~1!
Here m is the chemical potentialof the adsorbate and F@r# is
the intrinsic Helmholtz free energy, which is often decom-
posed in terms of an ideal gas part and an excess part as
follows:
F@r#5F id@r#1Fex@r# . ~2!
Here F id@r# is the ideal gas free energy at local density r,
while Fex@r# is the excess free energy in the presence of the
density profile r(r). Given suitable models for these free
energies, the general procedure is to obtain the optimal pro-
file r(r) that minimizes the grand potential V@r# for the
chosen system, such as the confined pore space.
B. Application to close-packed limits in two
and three dimensions
In the close-packed limit the adsorbed phase is consid-
ered as a set of identical unit cells, which are detailed in a
later section. The local density can be then be treated as the
density in the unit cell. Consequently, Eq. ~1! can be rewrit-
ten as follows:
V5F id1Fex1N~vex2m!5F id1Fex1Nvex2Nm , ~3!
where N is the number of adsorbed molecules in a unit cell
Dividing Eq. ~3! by N gives the grand potential V* per
molecule,
V*5 f id1 f ex1vex2m . ~4!
For the two dimensional unit cell, the ideal gas free energy
per molecule f id is given by
f id5
F id
N 5kT@ ln~N*l
2!21# . ~5!
Here l is the de Broglie wavelength, given by
l5A h22pmkT , ~6!
where h is Planck’s constant, m is the mass of the adsorbate
particle, k is Boltzmann’s constant and T is temperature.
The two-dimensional ~2D! density of the unit cell, N*,
is given by
N*5
N
S , ~7!
where S is the surface area, on an adsorbent plane, occupied
by a unit cell. The chemical potential may be expressed in
terms of the bulk activity a , as
m5kT ln~l3!1kT ln~a !. ~8!
The activity a is related to the fugacity, f , by
a5
f
kT . ~9!
In Eq. ~3! the excess part of the Helmholtz free energy may
be obtained from the canonical partition function, Q , through
Fex52kT ln Q , ~10!
where
Q5g~N ,M !e2bE. ~11!
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Here g(N ,M ) is the degeneracy and M is the total number of
adsorptive sites, while E is the total interaction potential en-
ergy of the unit cell, and b51/kT . In the close packed limit,
only one configuration is expected, therefore, g(N ,M )51.
The excess Helmholtz free energy is therefore given by
Fex5E . ~12!
To proceed further it is necessary to specify the potential
models and unit cell geometry that will be employed for
minimization of the grand free energy V.
C. Potential models
1. Adsorbate–adsorbate interaction potential
The adsorbate–adsorbate interactions are described by a
~LJ! 12–6 pair potential,
F ii~r !54« iiF S s iir D
12
2S s ii
r
D 6G ; ~13!
here « ii is well depth and s ii is molecular for the adsorbate.
In what follows we have used the parameters « ii /k
5148.2 K and s ii53.81 Å as representative of a methane
adsorbate.
2. Solid–fluid interaction potential
The above model has been applied to adsorption in a
carbonaceous slit-pore with the solid–fluid interaction, given
by the 10–4–3 Steele potential,23
Fsi~z !5AF25 S ssiz D 102S ssiz D 42S ssi
4
3D~0.61D1z !3D G ,
~14!
where A52prs«sissi
2 D . z is the distance between an adsor-
bate molecule of species i and the solid surface. D is the
interplanar distance in the carbon and rs is the activated
carbon density. The parameters, well depth «si and ssi , are
determined using the Lorentz–Berthelot mixing rules,
ssi5
s ii1sss
2 ~15!
«si5A« ii«ss ~16!
where the carbon parameters used in the study have the
values23 sss50.34 nm, «ss /k528.0 K, D50.335 nm and
rs5114 nm23. The external potential in a pore of width H
~center-to-center distance of carbon atoms on opposing
planes! is given by
vex5Fsi~z !1Fsi~H2z !. ~17!
D. Unit cell energy
Using the above fluid–fluid and fluid–solid potential
models, the total interaction energy E of a unit cell can now
be constructed for any chosen transition. We consider close
packed LJ particles forming a 2D structure, comprising unit
cells. To determine the total interaction potential for the unit
cell, the following assumptions are applied:
j Pairwise additivity.
j The adsorbed phase consists of an integral number of iden-
tical unit cells.
j Structural transitions of the adsorbed phase correspond to a
series of following crystalline structures as the pore width
increases, following
1n→2h→2n→3h→3n . . . .
The symbol n represents hexagonal packing and the symbol
h square packing, and the numbers preceding the symbols
represent the number of layers in the adsorbed phase. This
sequence of crystalline structure has been studied for hard
sphere systems7,11 and two main transition types may be
identified:
~1! The transitions nh→nn , or rhombic transitions. In this
case, only the structure within each layer changes.
~2! The transitions nh→(n11)n , or buckling transitions.
In this case, a new layer is formed together with struc-
tural variation of the adsorbed phase.
Based on the above assumptions, the unit cells corre-
sponding to each transition are presented in turn below:
1. Evolution of the monolayer and formation
of a second layer
a. Buckling transition (1n→2h). Figure 1 depicts the
transition occurring with an increase in pore size when the
number of adsorbed layers increases from one to two. At the
smaller pore size when only one layer is formed, the particles
are organized in hexagonal close-packed geometry. As the
pore size increases, a continuous transition occurs to the
square geometry attained when exactly two layers can be
formed.
From Fig. 1, each adsorbate molecule has the same num-
ber of nearest neighbors. Thus, the interaction potential E of
the unit cell is given as follows:
E5N@F ii~d !1F ii~d1!1F ii~d2!12F ii~Ad121d22!# ,
~18!
where d ,d1 ,d2 are the unit cell parameters identified in Fig.
1~c! and N is the number of particles in the unit cell. Here
N52.
The relationship between the unit cell dimensions, d ,d1
and d2 and the pore width H can be expressed as
d15b1A2@d22~H22z !2# , ~19!
d25b2A2@d22~H22z !2# , ~20!
FIG. 1. Evolution of the monolayer to form a second layer. ~a! The rows
containing empty circles move down and those having filled balls move up
when the width increases. The rectangle represents the selected unit cell
projected in different directions. ~b! The hexagonal configuration is divided
into two distinct types of rows.
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For the unit cell in Fig. 1, the density per unit volume is
given by
r1 – 25b3
1
H@d22~H22z !2# , ~21!
where
a5
d2
d1
; b15A 2a211; b25aA
2
a211
and b35
a211
2a . ~22!
b. Rhombic transition (2h→2n). Figure 2 describes the
subsequent transition of the buckling transition, which ends
up with exactly two layers, as the pore width widens. In this
transition, a continuous deformation of the square configura-
tion into a hexagonal configuration occurs without the for-
mation of a new layer.
For the unit cell shown in Fig. 2, the total interaction E
of the cell for the rhombic transition is given as follows:
E5N@2F ii~d1!1F ii~d42!1F ii~d31!11.5F ii~d !
10.5F ii~d53!# , ~23!
where N is the number of molecules in the unit cell. In this
case, N52. The variables d42 ,d31 and d53 are distances be-
tween vertices of the unit cell, given by
d425d1A4d22d1
224~H22z !2
d22~H22z !2 , ~24!
d315
d1
2
Ad22~H22z !2
, ~25!
d535A@d1
22d21~H22z !2#2
d22~H22z !2 1~H22z !
2
. ~26!
In terms of the unit cell parameters the density r2 – 2 is given
by
r2 – 25
6.6422@d22~H22z !2#
Hd1
3A4d22d1224~H22z !2
. ~27!
2. Evolution of the first two layers and formation
of a third layer
a. Buckling transition (2n→3h). Figure 3 demon-
strates the buckling transition occurring with an increase in
the pore width when the number of adsorbed layers increases
from two layers to three layers. This transition can be mod-
eled in stages. In the early stage of the transition at the
smaller pore size shown in Fig. 3~a!, adsorbates belonging to
the third layer do not lie on the same plane since there is a
stronger attraction between the nearest pore wall and the ad-
sorbate and between adsorbates within each layer, than be-
tween the more distant pore wall and the adsorbates and
between adsorbates in different layers. In this stage, second
nearest neighbors or higher order rather than only nearest
neighbors should be taken into account for an accurate solu-
tion as the molecules are relatively close to each other. How-
ever, this complexity may be avoided if the unit cell param-
eter d is assigned to be 21/6s f f at this stage. With this
simplification it was found that the predicted results matched
reasonably well the simulated ones, as will be discussed sub-
sequently.
In the final stage of the transition at larger pore width
shown in Fig. 3~b!, adsorbates belonging to the third layer
locate at the pore center. Furthermore, the adsorbates, in this
stage, are relatively far apart. Consequently, only consider-
ation of nearest neighbors is necessary to obtain a reasonable
match to the GCMC simulation.
From Fig. 3, the total interaction energy is given by
E58F ii~d !12F ii~d1!12F ii~d2!12F ii~d1& !
12F ii~d2& !, ~28!
where
d15A2@d22~z22z1!2# , ~29!
d25A2@d22~H2z12z2!2# . ~30!
The density is given by
r2 – 35
4.98
H~d1
21d2
21d1d2!
. ~31!
FIG. 2. Continuous deformation of a unit cell. A square configuration is
continuously deformed to transform into a hexagonal configuration as the
pore width enlarges. Empty circles represent adsorbate molecules in the first
layer and filled ones adsorbate molecules in the second layer.
FIG. 3. ~a! Adsorbed molecules from the first two layers contribute to the
formation of a third layer. At the pore width where the third layer starts to
form, these adsorbed molecules do not lie on the same plane. ~b! For suffi-
ciently large pore widths, the adsorbed molecules lie on the same plane. The
selected unit is body-centered cube ~bcc! instead of face-centered cube ~fcc!.
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b. Rhombic transition (3h→3n). In this transition, de-
picted in Fig. 3~b!, the first and second layers are relatively
far apart and the third layer is assumed to be located at the
pore center. Thus, if only nearest neighbors have been taken
into account, the body centered cube can be split into two
identical cubes, which are described in Fig. 2. These cubes
are symmetrical through the centerline of the pore.
The total interaction energy E of the unit cell is given
E5N@2F ii~d1!1F ii~d42!1F ii~d31!11.5F ii~d !
10.5F ii~d53!# , ~32!
where N53,
d425d1A4d22d1
224~0.5H2z !2
d22~0.5H2z !2 , ~33!
d315
d1
2
Ad22~0.5H2z !2
, ~34!
d535A@d1
22d21~0.5H2z !2#2
d22~0.5H2z !2 1~0.5H2z !
2
, ~35!
and density r3 – 3 is
r3 – 35
9.9633@d22~0.5H2z !2#
Hd1
3A4d22d1224~0.5H2z !2
. ~36!
E. Free energy minimization
Equations ~3!, ~6!, and ~8! provide the grand potential of
the unit cell,
V5E1Nvex2NkTF lnS 1l NSa D21G , ~37!
where S is the cross-sectional area of the unit cell, and the
external potential vex follows Eq. ~17!. The unit cell potential
energy E corresponding to any structure is obtained as dis-
cussed in Sec. II D. Through these, the grand potential can be
expressed in terms of the parameters z ,d1 ,d2 .
The equilibrium structures will correspond to a mini-
mum in the free energy following
S dVdr D
req
50, ~38!
where
S dVdr D52Vcell2 dVdVcell 50) dVdVcell 50. ~39!
From Eq. ~39!, the optimization of the grand potential of the
unit cell with respect to local density is equivalent to the
optimization with respect to volume of the unit cell. Further-
more, Vcell and V can be expressed in terms of the charac-
teristic parameters of the unit cell, which are, for instance,
z ,d , a in the case of buckling transition from monolayer to
second layer. Thus, d ,z , a are the roots of
S ]V]z D d ,a50, ~40!
S ]V]d D
z ,a
50, ~41!
S ]V]a D
z ,d
50. ~42!
The set of nonlinear equations resulting from the above mini-
mization is solved by using the Newton–Raphson technique.
III. GRAND CANONICAL MONTE CARLO
SIMULATION TECHNIQUE
Grand canonical Monte Carlo simulation ~GCMC! is
widely used to determine the amount adsorbed in the con-
fined space. In GCMC simulation temperature, chemical po-
tential and volume m ,V ,T are kept constant while the num-
ber of particles and the associated configurational energy are
allowed to fluctuate. In this study, GCMC simulation was
used to generate values for the capacity of methane in slit-
pores. In the simulation, the adsorbate–adsorbate interaction
potential was modeled using a Lennard-Jones potential trun-
cated at 1.5 nm. The configuration generated was based on a
Markov chain of consecutive trials generated by using an
appropriate scheme24 consisting of trials of three types: mov-
ing a molecule, creating a molecule, and deleting a molecule.
The probability of a move being accepted was evaluated by
using the Metropolis sampling scheme25
Pmove5min$1,exp@2DEc~r!/kT#%, ~43!
where DEc(r) is the variation in configuration energy result-
ing from the move. The probability of the creation of a mol-
ecule being accepted24 is
Pcreate5minH 1, 1~N11 ! exp@B2DEc~r!/kT#J ; ~44!
here B[m8/kBT1ln^N&5ln(fV/kBT) is Adams’ constant. m8
is the excess chemical potential relative to an ideal gas at the
same density, ^N& is the average number of particles, V is the
volume of the system and f is the bulk gas phase fugacity.
The probability of deleting a molecule being accepted is
Pdelete5min$1, Nexp@DEc~r!/kT2B#%. ~45!
Throughout a simulation, the numbers of attempted de-
letions and creations were kept equal to attain microscopic
reversibility. At high pressure, the acceptance rate for creat-
ing or destroying particles can be low. We therefore used ten
creation or deletion attempts to one move attempt. The pa-
rameters of methane were the same as those used in the DFT
calculations.
The adsorbent–adsorbate interaction potential of each
wall in the graphitic slit-pore was represented by Steele’s
10–4–3 potential. The size of the simulation box was set to
20s f f and the number of configurations varied from 1
3107 to 23107. To ensure high filling densities, a pressure
of 50 bar at 180 K was chosen for pore widths up to 2 layers
and 252 bar for pores that can accommodate 3 layers. The
high densities obtained under these pressures can be reason-
ably taken to be the maximum capacity, since the density
increases insignificantly (,5%) when much higher pres-
sures are used. This issue will be discussed further later.
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GCMC simulation were also run at 150, 250, and 308 K
to investigate the temperature effect on density at the high
pressure limit.
IV. RESULTS AND DISCUSSION
A. Simulation results
Figures 4~a!–4~d! depict the GCMC simulation results
for capacity methane in slit-shaped pores as a function of
pore width. In Fig. 4 the symbols represent the GCMC re-
sults and lines the model prediction to be discussed subse-
quently. From these figures it is observed that the capacity
fluctuates with pore width in region ~I! corresponding to
pores whose size accommodates three layers at maximum.
From this region onwards, density fluctuations gradually die
out. This shows that the dependence of capacity on pore
width is not trivial in activated carbon. The dependence of
capacity on pore size is due to the fact that the packing
configuration of the adsorbed phase changes continuously as
the pore size is enlarged. From Fig. 4 it is also evident that
the assumption of d521/6s f f , for the buckling transition
2n→3h , occurring in the pore size range (1.226 nm,H
,1.316 nm), is satisfactory and provides good agreement
with simulation. Figures 5 and 6 show that the packing con-
figuration of the adsorbed phase passes continuously through
a sequence of crystalline structures during a buckling transi-
tion ~hexagonal monolayer to two square-packed layers to
two hexagonal-packed layers!. The pair distribution function
obtained by GCMC simulation also facilitates the identifica-
tion of the packing configuration of an adsorbed phase. Since
the position of the peaks in the pair distribution profile cor-
responds to the location of neighbors around a central mol-
ecule. For example, peaks representing increasingly distant
neighbors around a central molecule in a hexagonal configu-
ration are located at, r0 , )r0 , 2r0 , A7r0 ,. . . , and in a
square configuration, at r0 , &r0 , 2r0 , A5r0 , 2&r0 ,. . . ,
where r0 is the nearest neighbor separation. Figures 7 and 8
show pair distribution function profiles characteristic of hex-
agonal and square configurations, respectively.
B. Transitions and microstructure of adsorbed phase
The results extracted from the model proposed in Sec. II
explain the microstructure of an adsorbed phase. Before a
FIG. 4. A comparison of the predicted capacity pro-
files with GCMC simulated ones at four different tem-
peratures corresponding to subcritical and supercriti-
cal conditions: ~a! 150 K; ~b! 180 K; ~c! 250 K and
~d! 308 K.
FIG. 5. Pair distribution function obtained by a GCMC simulation, depict-
ing the structural variation during the buckling transition.
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detailed interpretation of the microstructure of the adsorbed
phase is given, the capacity profile obtained by GCMC simu-
lation is compared with those predicted by the proposed
model up to three layers. For higher layers, the transitions of
the adsorbed phase between square and hexagonal configu-
rations become increasingly complex due to an increase in
the number of possible packing configurations. However, the
capacity fluctuation of methane and larger molecules become
less significant as pore size is enlarged beyond three layers.
Moreover, a predominant proportion of pore sizes less than
three layers is normally observed in microporous carbons.
From Fig. 4, it is seen that the predicted capacity profiles
match the simulated ones very well, particularly in small
pores where only two layers can be accommodated.
For convenient reference, the capacity profile is divided
into sections corresponding to specific configurations and
transitions as follows:
1. Monolayer
Region I (H,0.818 nm). In this region, the characteris-
tic parameters of the unit cell, z , d and a, are independent of
pore size. z is found to be of half pore size. This results from
the coalescence of the two minima of the grand potential into
one minimum located in the center of the pore. In Fig. 9~a!,
the singlet distribution function profile obtained by GCMC
simulation at the pore width of 0.721 nm shows one peak at
the pore center, confirming the above result. The predicted
FIG. 6. Snaphshots of the structural variation of the adsorbed phase during
the buckling transition. ~a! Monolayer in a hexagonal configuration; ~b! two
layers in a square configuration; ~c! two layers in a hexagonal configuration.
Filled and empty circles represent adsorbed molecules in each layer.
FIG. 7. Pair distribution functions obtained by a GCMC simulation corre-
sponding to hexagonal packing configuration of the adsorbed phase, in pores
that accommodate exactly one layer, two layers and three layers, respec-
tively. ~1! Nearest neighbors, ~2! second nearest neighbors, ~3! third nearest
neighbors, ~4! fourth nearest neighbors.
FIG. 8. Pair distribution functions obtained by a GCMC simulation corre-
sponding to the square packing configuration of the adsorbed phase, in pores
that accommodate two layers and three layers, respectively.
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value d51.1977ssi is found to be close to the simulation
value 1.1692ssi , which is the location of the first peak of the
pair distribution profile obtained by GCMC simulation for
nearest neighbors ~Fig. 7!. The discrepancy between the
value of d derived from the proposed model and that ob-
tained by GCMC simulation is rather small and probably
arises because only nearest neighbors are taken into account
in the model.
It is interesting that the value (d51.1977ssi) approxi-
mates to 21/6s ii or 1.1863ssi . This indicates that it is very
difficult to push adsorbed molecules closer together than this
distance in the monolayer region because of repulsive forces.
This is in contradiction to the surface compression mecha-
nism proposed by Aranovich and Donohue.26 In addition, the
parameter a50.5747 is close to the value 0.5774 obtained
by GCMC, which corresponds to a hexagonal configuration
of the dense monolayer. Thus, a hexagonal packing configu-
ration is energetically favored in this region. In Fig. 6~a!, the
snapshot of the monolayer in a pore of 0.721 nm obtained by
GCMC confirms that the monolayer is packed in a hexagonal
configuration.
2. Second layer
a. Region II (0.82 nm,H,1.00 nm). In this region, the
parameter a, defined in Eq. ~22!, is found to increase gradu-
ally from 0.5747 to 0.7952 while the parameter d decreases
steadily from 1.1977ssi to 1.1636ssi with increasing pore
width. There exist two roots for the parameter z that repre-
sent the locations of the first and second layers. This shows
that the formation of the second layer is associated with the
evolution of a hexagonal configuration to a square one. The
normal singlet distribution function obtained by GCMC
simulation has two peaks located symmetrically around the
pore center, supporting the above result @Fig. 9~b!#. The pa-
rameter d decreases to less than 21/6s f f during second layer
formation, indicating that the adsorbed molecules pack more
efficiently in the intermediate configurations between perfect
hexagonal and square configurations. This is one important
feature of fluids in confined geometry, which is not observed
in bulk fluids. It is interesting that the parameter a jumps
from 0.7952 to 1 corresponding to a perfect square configu-
ration instead of increasing steadily to 1. Fig. 6~b! shows the
snapshot of a square configuration obtained from a GCMC
simulation at the pore width of 0.94 nm in agreement with
the square configuration (a51) predicted from the model.
Moreover, the variation in pair distribution functions ~Fig. 5!
obtained by GCMC simulation confirms that there is a con-
tinuous passage from the hexagonal configuration to the
square one through intermediate configurations during the
buckling transition. Thus, in this region the buckling transi-
tion from hexagonal to square configurations is the energeti-
cally favored path, similar to that in hard sphere systems.11
b. Region III (1.00 nm,H,1.23 nm). In this region, it is
expected that there will be a rhombic transition of the ad-
sorbed layers, from a square configuration to a hexagonal
one, without the formation of a new layer. In Fig. 9~b! it is
seen that the singlet distribution function profile obtained by
GCMC simulation at a pore width of 1.082 nm has two
peaks symmetrical about the pore center, indicating that only
two layers exist in the pore. These peaks are located at z
50.34 nm and z50.742 nm, which are close to 0.36 and
0.72 nm given by the model at the same pore width, again
confirming that the proposed model describes the simulated
data very well. To demonstrate the transition, we investigated
the evolution of the ratio a of d13 to d42 , which are two
diagonal lines of cross section in each layer. By solving the
model in this region it is found that a equals unity when H
51.0094 nm, indicating a perfect square configuration of the
adsorbed layers. As the pore width is slightly enlarged to
1.0274 nm, a jumps from 1 to 1.79 and then approaches
1.73, corresponding to a perfect hexagonal configuration.
Thus the square configuration is less energetically favored
than the hexagonal one when the pore width exceeds 1.0094
nm. Beyond a pore width of 1.0274 nm, a decreases gradu-
ally to 1.73 corresponding to a perfect hexagonal configura-
tion, indicating that the adsorbed layers pass continuously
through the intermediate structures before reaching the per-
FIG. 9. The single particle distribution function normal to the wall, obtained
by a GCMC simulation, for three selected pores that accommodate exactly
~a! one layer, ~b! two layers and ~c! three layers.
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fect hexagonal configuration. The characteristic parameter
for a hexagonal configuration d1 equals 1.2022ssi , which is
slightly higher than that obtained in region I (1.1977ssi).
This may be due to a weaker grand potential resulting from
separation of its minima.
3. Third layer
a. Region IV (1.23 nm,H,1.442 nm). In this region,
the third layer is formed in association with a variation in
the structure of each adsorbed layer, i.e., a buckling transi-
tion. Modeling of this transition is more complex. To de-
scribe this transition, we model the unit cell as a body-
centered cube ~bcc! ~Fig. 3! instead of the face-centered cube
~fcc!, which has been observed in bulk solid xenon and
solid xenon confined in a large slit-pore by Donnelly.5 It is
found that coordinates of adsorbed molecules within the
third layer z2 (H,1.33 nm) do not lie on the pore center.
This shows that adsorbed molecules in the third layer do not
lie in the same plane until the pore width is sufficiently large
(;1.298 nm) corresponding to a perfect body-centered cube.
The singlet distribution profiles normal to the walls, obtained
by GCMC simulation ~Fig. 10!, support this result in show-
ing two small central peaks or a broad central peak for a pore
width of less than 1.298 nm, and a sharp central peak for
larger pore width, indicating that adsorbed molecules belong-
ing to the third layer are not localized at the pore center
unless the pore width is sufficiently large (.1.298 nm). In
Fig. 4 it is observed that the model matches the simulated
data reasonably well, indicating the suitability of the model
of a body-centered cube to describe the transition.
b. Region V (1.34 nm,H,1.60 nm). In this region,
there is a rhombic transition in which the square configura-
tion of each layer is continuously deformed into a hexagonal
configuration. Again the transition also evolves as described
for region III. Each adsorbed layer begins with a square con-
figuration at pore width 1.34 nm and deforms continuously
into the hexagonal configuration. At the end of the transition,
a nearly perfect hexagonal configuration in each layer is ob-
tained at a pore width 1.6 nm. The characteristic parameter
for the hexagonal configuration is found to be 1.2038ssi ,
which is slightly higher than the values obtained for the first
and second layers, indicating weaker solid–fluid interaction
with increasing distance between two walls of the pore.
C. Effect of temperature on the capacity profile
In this section, we investigate the effect of temperature
on density at the close packed limit. In the proposed model,
the dependence of capacity on temperature comes from the
ideal free energy part. Figure 11 shows the capacity profiles
calculated by the proposed model at four different tempera-
tures ~150, 180, 250, and 308 K!, involving both sub-critical
and supercritical conditions of methane. The capacity is seen
to decrease with increasing temperature but does not show a
strong temperature-dependence. The difference is less than
3% over this temperature range; corresponding to 0.1
31024 (K21) as temperature increases from 180 to 308 K.
This is expected due to the small entropic term at the close
packed limit. Moreover, the value of thermal expansion
found is an order of magnitude less than that of the bulk
phase due to the predominant contribution of solid–fluid at-
traction in the pores that overcomes thermal vibration of the
adsorbate molecules. This phenomenon is also observed in
GCMC simulation results.
FIG. 10. Single particle distribution function normal to
the wall, obtained by a GCMC simulation, demonstrat-
ing the development of the third layer during the buck-
ling transition. ~a! Early stage of the transition ~b!, ~c!
middle stages of the transition, and ~d! the end of the
transition.
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V. CONCLUSIONS
In this paper we introduce a new model for the depen-
dence of the capacity of spherical ~LJ! molecules on the pore
width and temperature in a smooth slit-shaped pore. As an
example we apply the model to methane in graphitic slit-
pores. The model is based on a density functional theory
approach applied at the close packed limit. The grand poten-
tial of the unit cell of the adsorbed phase is optimized in
terms of its characteristic dimensions rather than that of the
whole adsorbed phase. The model does not require any fit-
ting parameters to obtain the capacity.
The model was compared with results from GCMC
simulation and excellent agreement was found up to three
layers. From the characteristic dimensions extracted from the
model, the microstructures of the adsorbed phase associated
with the structural transitions occurring in the pore as the
pore width is enlarged can be elucidated. The model shows
that adsorbed molecules in a confined space can pack closer
than 21/6s f f in the intermediate configurations. Furthermore,
the hexagonal configuration seems to be energetically fa-
vored and thermodynamically stable and is always the final
configuration of the newly-formed layer.
Although the model provides a successful prediction of
the capacity profile, it is more difficult to extend the model
beyond 3 layers, since geometrical transitions in the ad-
sorbed phase at higher layers are not unique. However, the
variation in density with pore width, although very signifi-
cant up to three layers, attenuates quickly at higher layers.
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